We performed high-throughput 18S rDNA V9 region sequencing analyses of microeukaryote (protist) communities at seven sites with depths ranging from 0 to 1450 m in the southern part of Lake Baikal. We show that microeukaryotic diversity differed according to water column depth and sediment depth. Chrysophytes and perkinsids were diverse in subsurface samples, novel radiations of petalomonads and Ichthyobodo relatives were found in benthic samples, and a broad range of divergent OTUs were detected in deep subbenthic samples. Members of clades usually associated with marine habitats were also detected, including syndineans for the first time in freshwater systems. Fungal-and cercozoan-specific c. 1200 bp amplicon clone libraries also revealed many novel lineages in both planktonic and sediment samples at all depths, a novel radiation of aphelids in shallower benthic samples, and partitioning of sarcomonad lineages in shallow vs deep benthic samples. Putative parasitic lineages accounted for 12.4% of overall reads, including a novel radiation of Ichthyobodo (fish parasite) relatives. Micrometazoans were also analysed, including crustaceans, rotifers and nematodes. The deepest (>1000 m) subsurface sediment samples harboured some highly divergent sequence types, including heterotrophic flagellates, parasites, putative metazoans and sequences likely representing organisms originating from higher up in the water column.
INTRODUCTION
Lake Baikal, in southeastern Siberia, Russia, is well known as the largest volume (23 015 km 3 of water) and deepest (c. 1640 m) freshwater body on Earth. It is also the oldest, with large freshwater bodies being constantly present in the Baikal Rift Zone for the last 28 M years, and at least transiently for as long as 70 M years or more (Sherbakov 1999) . The lake is ultraoligotrophic, with very low levels of ions and dissolved organic carbon (Pavlichenko et al. 2015) , and oxygen levels are at >80% saturation throughout the whole water column, with unique consequences for life in the abyssal depths (Peeters et al. 1997) . Because of Baikal's age and its particular ecological characteristics, many lineages have undergone large, endemic evolutionary radiations over the lake's history (Martens 1997; Sherbakov 1999; Schön and Martens 2004) . These included lubomirskiid sponges (Meixner et al 2007; Itskovitch et al 2008; Wiens et al. 2009 ), amphipods (Takhteev 2000; Macdonald, Yampolsky and Emmett 2005; Pavlichenko et al. 2015) , molluscs (Röpstorf and Sitnikova 2006) and cottoid fish (Hunt et al. 1997; Martens 1997) . Estimates of the proportion of endemic aquatic animals in the lake vary, but are high, in the range of 64%-80% (Timoshkin 1999; Weins et al. 2009 ). Endemism has also been indicated in microbes-ciliates, particular cold-adapted lineages (Foissner 2006; Obolkina 2006) , diatoms (Williams and Reid 2006; Kulikovskiy et al. 2012) , dinoflagellates (Annenkova, Lavrov and Belikova 2011) and bacteria, including cyanobacteria (Denisova et al. 1999; Bel'kova et al. 2003; Shubenkova et al. 2005) .
Although it is beyond dispute that many animal radiations are endemic to Lake Baikal, it is recognised that some apparently endemic organisms may not have evolved within the lake but been more widely distributed in the recent past and now form relict populations in the lake and elsewhere in the rift zone and beyond (Timoshkin 1999; Genkal and Bondarenko 2006) . It is particularly difficult to ascribe endemic status to microbial organisms, as the lineages are generally difficult to distinguish morphologically, are highly genetically diverse (increasing likelihood of undersampling), and their distribution at local and regional scales is also poorly understood. There has been much controversy over the issue of microbial endemicity, but a 'moderate endemicity' model is now generally favoured, accepting that, like macroorganisms, some microbial lineages (defined both at morphological and genetical levels) are cosmopolitan whereas others have more restricted distributions (Foissner 2006; Bass et al. 2007b; Bass and Boenigk 2011) . Previous studies have shown that although there is convincing evidence that bacterial and protistan endemics occur in Lake Baikal, particularly (for bacteria) in the abyssal regions (Denisova et al. 1999) . However, many other lineages are more widely distributed, occurring regionally and/or globally (Semenova, Kuznedelov and Grachev 2001; Bel'kova et al. 2003; Howe et al. 2011a,b; Zakharova et al. 2013) .
Investigations of bacterial and archaeal diversity have shown that many lineages in the abyssal region of Lake Baikal are genetically distinct from those nearer the surface (Denisova et al. 1999; Kadnikov et al. 2012; Zakharova et al. 2013) , and that depth plays an important role in structuring microbial communities in the lake (Denisova et al. 1999; Fietz et al. 2005) . Interestingly, the deep samples include a substantial diversity of cyanobacteria, some of which may derive from vertical water fluxes, but also form phylogenetically distinct clusters (Denisova et al. 1999) . Novel/divergent prokaryotes are increasingly frequent with increasing depth of abyssal sediment cores (Kadnikov et al. 2012; Zakharova et al. 2013) . However, we could find no molecular studies of protists from the deeper regions of Lake Baikal, though depth is also known to have a strong effect on microeukaryote communities in other regions and habitats (e.g. Bass et al. 2007a; Gong et al. 2015) . We sought to test whether water column depth and/or habitat type (plankton, benthos, subbenthos) structured the microeukaryote communities in Lake Baikal, and whether the depths of the lake preferentially harboured lineages not previously detected elsewhere.
Environmental sequencing (eDNA) methods (Bass et al. 2015) are well established as means of assessing microbial diversity without the need to culture or isolate cells, and minimising the biases incurred in doing so, particularly when working with samples from 'extreme' (e.g. bathyphilic) habitats. As described above, eDNA approaches have been applied to some extent to prokaryote communities in Lake Baikal (e.g. Shubenkova et al. 2005; Kadnikov et al. 2012; Zakharova et al. 2013 ), but so far not for microbial eukaryotes. Freshwater habitats in general are much less well analysed using high-throughput sequencing (HTS) methods than marine environments. The only lake studies directly comparable with our data from Lake Baikal are those by Nolte et al. (2010; Lake Fuschlsee, Austria) , Mangot et al. (2013;  mesotrophic lake), Taib et al. (2013) and Debroas, Hugoni and Domaizon (2015) in various lakes and reservoirs in France; Kammerlander et al. (2015;  high Alpine lakes), Lara et al. (2015;  peatland pools in Tierra del Fuego), Simon et al. (2015a,b;  shallow freshwater systems in France), Filker et al. (2016;  high Alpine lakes) and Grossman et al. (2016; English and Austrian lakes) . Earlier or non-HTS freshwater microeukaryote eDNA studies detected much interesting novel diversity but with lower sequencing coverage using Sanger sequencing of clone library sequences (Lefranc et al. 2005; Richards et al. 2005; Lefèvre et al, 2007 Lefèvre et al, , 2008 ; Lepere, Domaizon and Debroas 2008; Lepere et al. 2010; Triadó-Margarit and Casamayor 2012) .
MATERIALS AND METHODS

Sample collection and DNA extraction
Eight sites in southern Lake Baikal were sampled on a 3-day cruise in July 2007 on the R/V Vereshchagin leaving from Listvyanka on the northern shore of the southern basin to the Selenga delta on the southern shore, between Lat. 51. 779 and 52.830 N and 105.372 and 107.170 W (Fig. S1 ; Table S1 , Supporting Information). The lake depths at the eight sites ranged from 52 to 1450 m. At each site, 12-15 samples were taken: water column samples at 4-6 depths, spanning the whole column down to 1000 m where possible (Table S1 , Supporting Information). Sediment cores were also taken, using on-board equipment and protocols; a total of 103 samples. Two litres of water from each sampling point were filtered onto GF/F filters (Whatman, GE Healthcare Life Sciences, Pittsburgh, PA), from which DNA was extracted using the UltraClean Soil DNA Extraction Kit (MoBio, Qiagen, Carlsbad, CA) either immediately or after <2 h storage on ice. The sediment cores were sampled at three points: the top 0.5 cm, and at 2 cm and 5 cm deep in the core. DNA from ∼1 g of each of these was extracted using the same kit.
18S rDNA PCR and 454 sequencing
18S rDNA V9 region amplicons were generated using primers 1391F (5 -GTACACACCGCCCGTC-3 ) and EukB (5 -TGATCCTTCTGCAGGTTCACCTAC-3 ). The primers were tagged with a 5 -tail adapter for the 454 sequencing (Simek et al. 2013) . The forward primer also contained a 6-10 bp tag for each of the samples inserted between the 454-adapter A and the 18S-specific primer sequence. The reverse primer was modified with a 5 BioTEG modification. PCR was carried out in a 20 ml reaction with 0.2 U Phusion High-Fidelity DNA Polymerase (Finnzymes Oy, Espoo, Finland), 200 mM dNTPs and 0.25 pmol of each primer. The cycling profile consisted of 1 min denaturation at 95
• C, followed by 30 PCR cycles (95 • C for 30 s, 60
• C for 45 s,
72
• C for 60 s) with a final extension step of 10 min at 72
Each of the 103 DNA extractions was amplified four times, to reduce individual amplification biases. The replicates were then pooled. The pooled PCR products of each sample were gel-purified using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Amplicons were further pooled according to the lake depth at each site into four pools: pool 1 = sites 1 and 2, pool 2 = sites 3 and 7, pool 3 = sites 4 and 5, pool 4 = sites 6 and 8, resulting in 28 individually MID-tagged libraries referred to as pool x, depth category y (PxDy) ( Table S1) . The pools were then quantified using Qubit 3.0 (Thermo Fisher, Waltham, MA), DNA amounts equalised and sequenced on a Roche 454 FLX sequencer (Titanium chemistry) by Eurofins (Ebersberg, Germany).
For the group-specific clone libraries, fungal ITS1-5.8S-ITS2 amplicons were generated as described by Johnson et al. (2014) and cercozoan 18S rDNA amplicons using primers 25F (5 -CATATGCTTGTCTCAAAGATTAAGCCA-3 ) and 1256R (5 -GCACCACCACCCAYAGAATCAAGAAAGAWCTTC-3 ). Amplicons for these two groups were generated from all relevant samples from all eight sampling sites and assembled into four pools for cloning as follows: (i) surface water only (0-5 m deep), (ii) subsurface water (10-25 m deep), (iii) sediment surface samples ≤350 m deep, (iv) sediment surface samples from sediments at 600-1450 m. Amplicons were cloned into TOPO TA vectors, screened using the group-specific primers, PEG-cleaned and sequenced using the same primers on an ABI-377 sequencer. Sequences were edited in FinchTV v. 1.5.0 (http://www.geospiza.com/finchtv/) and Blast (megablast)-searched (Altschul et al. 1990 ) against Genbank to screen out non-target sequences.
Sequence processing and analyses
454 sequences were clustered using USEARCH v. 7.0 (Edgar 2010) within the UPARSE protocol (Edgar 2013) . In brief, reads shorter than 116 bp were discarded, and low-quality reads with maximum expected error >0.5 discarded using the fastq˙filter command. The cluster otus command was then used to deprelicate reads and discard chimaeras. OTU clustering was carried out at 97% sequence similarity. Singleton OTUs were removed. Taxonomic assignments were based on a consensus of three hits using QIIME (Caporaso et al. 2010 ) based on SILVA (Pruesse et al. 2007) v. 119 database. Each OTU was then blastn-searched against GenBank (January 2017) and the taxonomic annotation given by the QIIME pipeline corrected where necessary. Raw data .sff files have been submitted to the NCBI Sequence Read Archive under the accession number SRR5039570.
An OTU table was constructed including number of reads per OTU and taxonomic assignments (Table S2 , Supporting Information). Then, community analyses were carried out using vegan v. 2.0-10 (Oksanen et al. 2012 ) packages in R, as follows. The Normalization function in R was used to correct for unequal numbers of reads in each library for all downstream analyses. Bray-Curtis pairwise community composition distances were calculated and visualised using non-metric multidimensional scaling (NMDS) and cluster analyses. ADONIS (Oksanen et al. 2012 ) was used to test for significant differences between clusters of libraries corresponding to different lake compartments. Similarity percentages (SIMPER) analyses (Clarke 1993) were done to determine which OTUs contributed most to the dissimilarity between different groups. Indicator species analyses were carried out using IndVal (Dufrene and Legendre 1997) in the indicspecies package.
Phylogenetic analyses
Edited fungal and cercozoan sequences were aligned against existing datasets using MAFFT v. 7 (e-ins-i algorithm) (Katoh and Standley 2013) . Clones that differed by >4 positions in variable regions were defined as unique OTUs and included in the trees. Other more closely similar sequences were excluded and the OTUs were re-aligned with their closest characterised and environmental (if present) sequences from GenBank in a representative taxon set for each group. Alignments were masked to omit ambiguously aligned positions from the analyses. Bootstrapped maximum likelihood (ML) analyses were performed using the RAxML BlackBox v. 8.2.8 server (Stamatakis, Hoover and Rougemont 2008; Stamatakis 2104) on the CIPRES Science Gateway v. 3.3 (Miller, Pfeiffer and Schwartz 2010) . Fungal and cercozoan sequences were submitted to GenBank (accession numbers KY990997 -KY991065). Unrooted V9 ML trees for selected groups were generated in the same way, using sequences extracted from the V9 dataset on the basis of taxonomic affiliation. Their most closely related GenBank sequences as at February 2016 were downloaded and aligned using MAFFT. These trees are intended to show degree of differences of the V9 OTUs from GenBank sequences, and phylogenetic relationships as far as the very short V9 region allows.
RESULTS
Community composition
A total of 644 microeukaryotic OTUs were defined by UPARSE across 27 libraries. The OTU richness of individual libraries ranged from 15 to 224 OTUs (Table S1 ). (Library P1D7 was excluded from further analyses as it consisted of only three OTUs.) Alveolates and stramenopiles (heterokonts) dominated the diversity detected, the former mostly comprising ciliates (13.8% of all OTUs), with lower numbers of dinoflagellates (5.7%) and perkinsids + syndineans (4.3%) ( Table 1 ). The stramenopiles were dominated by chrysophytes, including many OTUs with relatively low (<90%) sequence similarly to sequences in Silva and GenBank. Other stramenopile groups with >20 OTUs were diatoms and bicosoecids, and 6 OTUs assigned to 'marine stramenopile' (MAST) clades 2, 3, 8 and 12 (Table 1) . A total of 54 OTUs were assigned to micrometazoans (<2 mm). Figure 1 compares the taxonomic assignments based on OTU richness and numbers of reads. The most striking difference is the inflated representations of metazoans and Dinophyceae in terms of read count, accounting for some of the differences between SIMPER and IndVal results below.
Lesser represented groups in terms of OTU richness were fungi and their rozellid and aphelid relatives (50 OTUs), Rhizaria (47 cercozoans and one putative foraminiferan), euglenozoans (39 OTUs), Plantae (33 OTUs) and cryptophytes (17 OTUs) (Table 1) . Haptophytes, centrohelids, apusomonads and amoebozoans, generally common protists in freshwater systems, were present only at very low levels (Table 1, Fig. 1 ). There were a number of groups containing known parasitic lineages: 10 OTUs [1]-classification amended according to Ruggiero et al. (2015) .
[2]-Euglenozoa not within Excavata according to Cavalier-Smith (2010) and Ruggiero et al. (2015) . 
Ecological partitioning within the lake
We hypothesised that different lake compartments (surface layer, subsurface waters, deeper water column, benthic sediment and subbenthic sediment) would harbour different microeukaryotic assemblages. These five 'habitats' are indicated on the NMDS ordination ( Fig. 2) , which shows a two-dimensional fit of the pairwise distances (Table S3, Table 2 ). There was a marked separation between the three planktonic and two benthic groups on the NMDS ordination ( Fig. 2) , concordant with a clear differences in taxonomic profiles between planktonic and benthic samples ( Table 1 ). The cluster analysis (Fig. S3 , Supporting Information) mostly supported our hypotheses, with the exceptions that P2D2 and P3D2 (subsurface waters) clustered with habitat C and the remaining libraries of habitats A and B formed a single cluster, the latter concordant with the ADONIS results.
Dissimilarities in microbial eukaryotic communities between groups were measured using SIMPER, and ranged from 62.70% (surface ( Table S1 . Depth range of samples comprising library pools are given underneath each code. The two dashed line ellipses indicate groups of libraries identified by cluster analysis based on Bray-Curtis pairwise distances between communities (Fig. S3 and  Table S3 , Supporting Information).
vs subbenthic sediment (E) ( Table 3 ; individual pairwise SIMPER results are shown in Tables S4-S13, Supporting Information). Eight to 29 OTUs (depending on the comparison) contributed to the top 50% of dissimilarity in microeukaryotic community composition, and across all comparisons between habitat groups, 45 OTUs contributed the top 50% of dissimilarity (Table 3) . Indicator species analyses (IndVal; Dufrene and Legendre 1997) show sets of OTUs significantly preferentially associated with habitats A-D (Table 4) . Table 5 shows OTUs detected only or mostly in habitat E, samples from which produced the fewest and weakest PCR products and (generally) the lowest lineage richness. Therefore, the sequence representation and diversity in habitat E was too low to be significant as measured by IndVal. However, OTUs detected only in habitat E are of interest as being possibly geographically isolated or extremophilic; therefore, these results are presented and discussed below. Table 3 shows that according to SIMPER, the distribution of micrometazoans (OTUs 1, 6, 11, 26, 28, 31, 44, 171, 618) were strongly differentiated between habitats. Copepods preferentially detected in habitat C (water column 50-1000 m deep) had low sequence similarities (84%-89% identity) to any sequence in GenBank. However, other micrometazoans-the ostracod OTUs 221 and 515 (D, in samples 50-600 m deep), branchiopod OTUs 31 and 130 and platyhelminth OTUs 44 and 787 were 98%-100% identical to GenBank sequences; OTU 44 (only detected deep in the lake) being 100% identical. The relatedness of crustaceans detected in this study to GenBank sequences is shown in Fig. S4 (Supporting Information). Rotifer OTUs 11, 28 and 171 were all 100% identical to known sequences and were mostly concentrated in habitats A and B (Fig. S5 , Supporting Information). Micrometazoans figured less prominently in the IndVal results, which showed OTUs 28 (rotifer) and 6 (copepod) to be preferentially associated with habitats A and B. Another rotifer (OTU 65) was also associated with A and B, OTU 703 with B only, and the nematodes OTU 722 and 271 with D (Table 4 , Fig. S5 , Supporting Information).
Micrometazoans
Surface and shallow subsurface waters
ADONIS analyses (Table 2 ) detected no significant difference between communities in surface and shallow subsurface waters (habitats A and B), and some OTUs were evenly distributed between them; in most cases, these were also relatively well represented in the other habitats. The habitat cluster analysis (Fig. S3 , Table S3 , Supporting Information) is concordant with this and also shows that two shallow samples ≤25 m cluster with the deeper habitat C (Fig. 2) . However, IndVal analyses showed that, while a large number of OTUs were characteristics of A and B, the occurrence of some OTUs differed markedly between surface and subsurface water (Table 4) . OTUs identified by IndVal as strongly associated with habitat A are dominated by chrysophytes and ciliates, with smaller numbers of dinoflagellates, cercozoans and a divergent bicosoecid (OTU 516). Three OTUs, 4 (the ciliate Stokesia), 28 (the rotifer Mytilina) and 40 (the chrysophyte Paraphysomonas), were markedly more frequently detected in A than any other habitat (Table 3) .
OTUs most frequently detected in habitat B (subsurface water) were 6 (Cyclops, copepod), 11 (Ptygura, rotifer), both 100% matches to GenBank, 13 (Pedospumella, chrysophyte; 96%), 15 (choreotrich ciliate; 96%), 24 (89% match to a cryptophyte), 31 (Daphnia; 98%) and 35 (cryomonad cercozoan; 87% top GenBank match). As for habitat A, OTUs identified by IndVal were quite different from SIMPER (Tables 3 and 4 Some OTUs in the surface/subsurface plankton samples were notably dissimilar from GenBank sequences, e.g. a chlorophyte OTU with only 88% similarity to the (marine) prasinophyte genus Crustomastix, a putative choanomonad 86% similar to Savillea, the bicosoecid and cercozoans mentioned above, chrysophytes (OTUs 89 and 146), a chytrid (OTU 536), ciliate (OTU 606) and labyrinthulid (OTU 1073). Table 2 . Two-way ADONIS of microbial eukaryotic communities clustering into five groups/habitats (A-E) on the NMDS ordination (Fig. 1 (Tables S3-S12 (Tables S3-S12 to 50% dissimilarity between habitats; the top 5 ranking OTUs are underlined in bold. The number of OTUs cumulatively accounting for 50% difference differs between comparisons. Taxonomic assignments (initiated using Silva 119 database in QIIME, then amended by individual blastn-searches and phylogenetic inference) are given to the right. Two sets of assignments are given: the closest matching GenBank match corresponding to a named or identified organism, and the closest match overall (usually an environmental clone). Rhizochaete radicata,
88%
The libraries column shows how many libraries in each habitat the OTU was detected. % match to GenBank is to the most similar sequence in GenBank as of February 2017 regardless of provenance. The closest named GenBank matches are also as of February 2017.
Deeper water column
Sixteen OTUs were strongly preferentially distributed in the mid-deep water column according to IndVal analyses (Table 4) , partly in addition to which were several spirotrich ciliate OTUs, some clearly distinct from any sequences in GenBank and with other related OTUs forming small clades of sequences only so far detected in non-surface planktonic libraries from this study (Fig. S6, Supporting Information) . The oxytrichid ciliate OTU 10 (99% match to ciliate environmental sequence DQ244039 from a French freshwater lake) was only detected in habitat C (Table 3) . Other OTUs most frequently detected in C were OTU 5 (93% Blast match to the fish parasite Ichthyobodo) and OTU 19, 97% similar to a chrysophyte environmental sequence. Particularly divergent OTUs detected in habitat C included examples of several novel diplonemid and bolidophyte OTUs (Fig. S5) , a cercozoan whose closest sequence match it to the agglutinating testate amoeba Pseudodifflugia (OTU 137) and a putative stramenopile (OTU 766).
Sediment surface
The sediment surface libraries (habitat D) harboured distinct diversity and richness profiles compared to planktonic habitats A-C. Nine OTUs affiliated to the parasitic kinetoplastid Ichthyobodo and seven to the free-living euglenozoan petalomonads were exclusively associated with habitat D; the majority of these were all highly dissimilar from GenBank sequences (Fig. S5 , Tables 3 and 4) . Several novel chrysophyte sequence types were positively associated with habitat D and feature strongly in the SIMPER analyses ( (Tables 3 and 4) .
Subbenthic samples
The shallowest benthic subsurface library (P1D6; 50-100 m deep) clustered with the benthic surface libraries (D) but all of the others clustered together in E, which included four libraries at 1 km + depth and two at 400-600 m (Fig. 2) . Although no OTUs were identified by IndVal for habitat E, Table 5 shows OTUs that were exclusively detected there (or nearly so). These include a wide phylogenetic range, some being identical or closely related to non-Baikal sequences in GenBank, others very dissimilar from previously known sequence types. The latter category included OTUs affiliated to basidiomycetes (709; 80% and 992; 89%), putative metazoans (686; 74% and 664; 83%), an apicomplexan (OTU 806; 79%; Fig. S2 ) and one each of a bicosoecid, cercozoan, chrysophyte and choanomonad (Table 5 ). The highest ranked OTUs positively associated with E according to SIMPER were OTU 76 (Cryptomonas; 100% GenBank match), OTU 85 (uncultured chrysophyte; 100%), OTU 95 (Spumella-like; 100%), OTU 138 (choanomonad; 89%) and OTU 264 (Synura; 100%). None of these OTUs were represented by >69% of the number of reads in E, and were therefore also detected elsewhere in the lake (e.g. 44% of reads of OTU 264 were from C) ( Table 3 ). Table 4 also shows OTUs that blastn searches demonstrate or suggest belong to evolutionary radiations exclusively or mainly detected so far in non-marine aquatic habitats. These include the perkinsids shown in Fig. S2 , cercozoan Novel Clade 10, and some fungi and chrysophytes. In this study, we reveal some further possible freshwater radiations including aphelids (Fig. 3) and OTUs affiliated to Ichthyobodo, Petalomonas/Scytomonas and Bolidomonas (Fig. S5, Supporting Information) .
Fungal and cercozoan-specific analysis
Group-specific analyses were undertaken for Fungi and Cercozoa as these groups show an interesting and broad diversity in our Lake Baikal samples, are known to be lineage rich and ecologically diverse in environmental samples generally, and have been the focus of previous environmental analyses (e.g. Bass and Cavalier-Smith 2004; Lefevre et al. 2007 Lefevre et al. , 2008 Lepere, Domaizon and Debroas 2008; Bass et al. 2009a,b; Howe et al. 2009 Howe et al. , 2011a Johnson et al. 2014) , providing context for this study. Reliable group-specific primers that capture a broad diversity of lineages (the fungal primers also amplify some rozellids and aphelids (parasites/symbionts of microeukaryotes)) are available for both groups, which generate amplicons very suitable for phylogenetic analysis, and the sequences generated can be analysed in well sampled and annotated databases. Furthermore, both cercozoan and fungal amplicons include faster evolving regions than 18S V9, providing higher-level phylogenetic resolution for these two groups, approximating species-level separation (ITS rDNA) for fungi. A total of 176 fungal ITS1-ITS2 rDNA clones and 164 cercozoan partial 18S rDNA clones were sequenced from their respective libraries (see Methods section). These were pooled to represent contrasting habitats by multiple samples: shallow planktonic, shallow benthic and deep benthic. The sequences generated resolved into 27 fungal and 37 cercozoan OTUs.
Fungal-related diversity was dominated by aphelids, notably a clade of exclusively Baikal-derived ITS-types mostly from shallower benthic/sediment samples (labelled Baik-Aph on Fig. 3) . Three other novel aphelids were recovered from deep benthic/sediment samples and a further novel ITS-type from the plankton (Fig. 3) . Novel rozellid and chytrid lineages were also detected in the plankton and deep sediment. All aphelid, rozellid and chytrid lineages detected were novel; only one rozellid being closely related to previously known (environmental) sequences. Five basidiomycete and four ascomycete lineages were detected in both planktonic and benthic habitats, including the deepest samples. Most of the dikaryan ITS-types were closely related or identical to described species or environmental sequences obtained from previous (non-Baikal) studies, even those recovered from the deepest sediment samples. No glomeromycetes or Mucoromycotina were detected. Two ITS-type clades containing 64 OTUs branched in the holozoan outgroup, although their Blast hits suggested that they were fungal; therefore, they were retained in our analysis. Neither obviously belonged to characterised taxa: F2CL78 may be a choanoflagellate, but F2CL5, frequently detected in planktonic samples was not closely related to any known protistan or metazoan holozoan (Fig. 3) , but it groups strongly but distantly with two other uncultured sequences, their joint clade grouping weakly with Capsaspora.
In contrast, the cercozoan 18S-types did show phylogenetic clustering according to depth (Fig. S7, Supporting Information) . All five glissomonad and three pansomonad (2-10 μm zooflagellates; Bass et al. 2009b; Howe et al. 2009 Howe et al. , 2011a 18S-types detected were from the deep sediment samples, whereas two cercomonad (8-60 μm zooflagellates; Bass et al. 2009b ) and two vampyrellid (Bass et al. 2009a; Berney et al. 2013 ) 18S-types were only found in the shallower sediment samples. Other ecological partitions were more apparent, including a notable diversity of Novel Clade 10 (Bass et al. 2009a ) exclusively in planktonic samples, and the benthic occurrence of the known gliding and sessile groups mentioned above. Many lineages from the deepest samples were identical or very closely related to previously detected environmental or characterised lineages (e.g. the granofilosean filose amoeba Limnofila anglica, the zooflagellates Bodomorpha strain HFC57 and Paracercomonas strain HFCC918). No exclusively Baikal-derived clades were detected, with all 18S-types grouping robustly within previously recognised groups.
DISCUSSION
Microeukaryote community structures in Lake Baikal differ with habitat and depth
With four planktonic libraries representing different depth ranges at all sites, we were able to test whether water depth is significant in shaping the community of microeukaryotes. In our ADONIS tests, (Table 2) , habitats A (0-5 m deep) and B (5-25 m) did not cluster separately from each other, but IndVal analyses revealed 29 OTUs specifically associated with A and 12 specifically with B. However, both were significantly different from habitat C (mid-to deep-water column: 50-1000m), to which 16 OTUs were preferentially or exclusively associated (Table 4) . We inspected some of the deepest samples using phase contrast light microscopy (data not shown). Eukaryote cells were present in low numbers, mostly small sulcozoan, cercozoan and chrysophyte flagellates resembling Thecamonas, Planomonas, Ancyromonas, Bodomorpha, a lemon-shaped Protaspa-like cell and Spumella/Paraphysomonas. The observation of Bodomorpha-and glissomonad-like cells agrees well with our cercozoan-specific phylogeny (Fig. S7, Supporting Information) , which shows that most Cercozoa detected in the deepest benthos samples were glissomonads and pansomonads, whose small and compact cells might be better able to resist the high pressures at those depths than the larger and more amoeboid cercomonad cells, which were only detected in shallower benthic samples. The V9 region of the 18S rDNA is not the most divergent region, and in general does not distinguish lineages at species level (Bass et al. 2009b; Stoeck et al. 2010; Boenigk et al. 2012) , therefore, we cannot say whether our OTUs are biologically the same as those represented by identical V9 sequences sampled elsewhere. However, it is likely that at least some of our sedimentderived OTUs are from organisms that do not live in these habitats, but have sedimented down from their adaptive zone higher up in the lake, or have been deposited in the lake via run-off from the land, rivers, precipitation, wind, etc. and do not actually grow in the lake. This might explain the presence of some apparently photosynthetic taxa detected in habitat E, particularly where these have 100% sequence identity to well-known taxa. It might be expected that some of these would be found more abundantly higher in the water column, i.e. in their preferred habitat, and this is indeed the case for some OTUs, particularly those more abundant in terms of read number in the water column-e.g. some ciliates, chrysophytes, dinoflagellates and micrometazoans. However, in other cases there was no or only very weak corresponding signal from higher in the water column, in which case these sequences may derive from organisms that had previously been growing higher in the lake but were not doing so at the time of our sampling.
Lake Baikal is remarkable not only for its great depth, but also because oxygenated water cycles throughout the whole water column, creating oxygenic, nutritional and particulate exchange between the surface and abyssal depths. Surface water intrusions into deeper water occur during both spring and autumn overturn (Weiss, Carmack and Koropalov 1991; Wuest et al. 2005) , aiding delivery of particulate organic from the productive surface to deeper regions. This exchange also means that even the deepest water and benthic habitats are oxygenated, as explained by Martens (1997) , who describes the palaeothermal regime of Lake Baikal, in which today's abyss is relatively recent. Across all habitats, we saw no clear relationship between sample depth and the average sequence percentage identity of OTUs identified by IndVal (habitats A-D; Table 4 and Table 5 ; habitat E) to their closest GenBank matches, although there were more highly novel sequence types in the benthic and deep-benthic sediment samples. The cycling of water masses in the lake offers a further possible explanation of why some photosynthetic lineages were detected at great depth, and why in general the set of OTUs from the deepest samples is not more dissimilar from existing database sequences than those from surface, even though many of the abyssal OTUs may be ecological specialists or truly geographically isolated.
Host-associated lineages
Putative parasite OTUs included some highly dissimilar to their closest GenBank relatives. In the case of Ichthyobodo relatives and aphelids, evolutionary radiations were detected that are so far only known from Lake Baikal. OTUs within the Ichthyobodorelated radiation were mostly detected at depth, and are likely parasites of animals (perhaps fish) endemic to the lake. Interestingly, other putatively parasitic/symbiotic OTUs affiliated with labyrinthulids, perkinsids, ichthyophonids (Ichthyosporea), diplonemids, syndineans and parasitic apicomplexans were also nearly all distinct from their most closely related sequences in GenBank, suggestive of host relationships that could be hypothesised to be unique to Lake Baikal, or at least previously unstudied. Host-associated dinoflagellates provide a relevant example, in which whole radiations appear to be specifically associated with endemic sponges in the lake (Annenkova, Lavrov and Belikova 2011). The Diplonema lineage also contains parasites and has recently been shown to be hyperdiverse in pelagic marine samples (Gawryluk et al. 2016 ). Although we did not detect them at high levels in Lake Baikal, we did sequence some highly divergent V9 types (OTUs 469, 654, 371, 1065; Fig. S5 , Supporting Information) affiliated to Diplonema by blastn searches, suggesting an unknown freshwater diversity and/or lineages restricted to this region.
The fungal-specific primer approach also revealed a novel radiation in Lake Baikal, which branches within a mostly environmental clade of aphelids including the parasite of amoebae Amoeboaphelidium (Fig. 3) . Our fungal-specific analysis is not intended to be a robust pan-fungal phylogeny, as it is based on ITS sequences, which are not able to resolve deep fungal relationships. However, it is sufficient to show that we detected lineages across five fungal/fungal-related clades (Aphelidea, Chytridiomycota, Dikarya-Glomeromycota, Zygomycota, Rozellida), and is perhaps the only dataset in this study that can reliably indicate species-level differences, as ITS rDNA sequences are generally appropriate for distinguishing between fungal species. Apart from this, we detected seven novel fungal OTUs highly distinct from lineages represented in GenBank, as well as an unclassified novel holozoan lineage (F2CL5; Fig. 3 ). The OTUs detected within Dikarya were generally less dissimilar from those in GenBank, perhaps because the database is more comprehensive for these better-studied fungi, but also possibly because some lineages detected were washed in from the land and represent well-known taxa whereas the novel OTUs in other groups were more likely to be ecological/biogeographical specialists in particular Baikal habitats.
Micrometazoan OTUs
We retained sequences from micrometazoans because of their possible overlap in size with some of the protists we sought to sample. Additionally, micrometazoans in Lake Baikal are understudied (particularly at depth), interact with microeukaryote lineages and are around the size threshold of organisms hyposthesised to be cosmopolitan vs regionally endemic (Finlay and Fenchel 2004) . Forty per cent of the micrometazoan-affiliated OTUs we detected were not represented in GenBank, the closest matches of some of them highly dissimilar in terms of percentage sequence identity (Tables 4 and 5 ). The largest metazoans sampled were crustaceans (copepods and ostracods), and although the most frequently sequenced OTU (1) was a copepod with only 88% 18S V9 sequence similarity to the closest match in GenBank, other crustaceans of likely similar size were very closely related or identical to sequences from crustacean individuals from around the world (Fig. S4, Supporting Information) . Therefore, OTU 1 may represent a Baikal endemic or a deeper-oligotrophic water copepod that has not previously been sequenced but is widespread. Nematodes and rotifers similarly showed a mixture of sequences identical to or highly distinct from those sampled elsewhere (Fig. S5, Supporting Information) , suggesting that although many micrometazoans unique to Lake Baikal remain to be discovered, others are found much more widely.
Rarer lineages in Lake Baikal
Many OTUs represented by low read numbers were genetically distinct from sequences in GenBank, suggesting that some of the rarer lineages may also be ecological specialists and/or putative endemics. We also detected several lineages clustering in otherwise exclusively marine radiations, for example, members of MAST clades 2, 3, 8 and 12; syndineans (OTUs 342 and 1119); prymnesiophytes (OTU 482); and potentially cryomonads (Cercozoa) (OTUs 204 and 35) (although the marine cryomonad Cryothecomonas has some close freshwater relatives). The Amoebophrya and Duboscquella related OTUs are the first members of these clades to be detected in freshwater. It is possible that Lake Baikal's age has resulted in a larger number of marine-freshwater transitions becoming established than in other freshwater bodies, and provided the opportunity for hostparasite partnerships otherwise only seen in marine water bodies to become established in a freshwater context. Such relationships, particularly when constrained by other ecological specialisations, would be less likely to disperse geographically and therefore remain at least regionally endemic. Although many microeukaryotes in Lake Baikal are undoubtedly found much more widely or even globally, the exceptionally long history of the lake leading to specificity of organismal interactions provides a mechanism for local specialisation and possible microbial endemism.
